Zeolites are crystalline aluminosilicate minerals featuring a network of 0.3-1.5-nm-wide pores, used in industry as catalysts for hydrocarbon interconversion, ion exchangers, molecular sieves and adsorbents 1 . For improved applications, it is highly useful to study the distribution of internal local strains because they sensitively affect the rates of adsorption and diffusion of guest molecules within zeolites 2, 3 . Here, we report the observation of an unusual triangular deformation field distribution in ZSM-5 zeolites by coherent X-ray diffraction imaging 4 , showing the presence of a strain within the crystal arising from the heterogeneous core-shell structure, which is supported by finite element model calculation and confirmed by fluorescence measurement. The shell is composed of H-ZSM-5 with intrinsic negative thermal expansion 5 whereas the core exhibits a different thermal expansion behaviour due to the presence of organic template residues, which usually remain when the starting materials are insufficiently calcined. Engineering such strain effects could have a major impact on the design of future catalysts.
become entrapped at the intersections between the sinusoidal and straight channels, thereby blocking the channels 18 . Therefore, they must be removed from ZSM-5 crystals by calcination 19 (usually by heating at 450-550
• C for several hours under flowing oxygen or air) before the crystals can be used for catalysis, adsorption and separation. However, if the zeolite is calcined at lower temperatures or calcined not long enough even at the required temperatures, corks or residual carbon compounds can remain in the crystals, thereby still partially blocking the channels.
ZSM-5 crystals have complex temperature-dependent anisotropic thermal expansion coefficients 5, 17, 20, 21 . Accordingly, each crystal undergoes anisotropic thermal expansion during the initial stage and anisotropic thermal contraction during the later stage of calcination, that is, in the 25-150
• C and 150-550
• C regions, respectively.
Here, we report on an unusual internal deformation field distribution in a micrometre-sized crystal of ZSM-5 by coherent X-ray diffraction imaging 4 (CDI). We used ZSM-5 crystals supported on a silicon substrate as a model system to study the formation of strain under various calcination conditions. When a crystal is illuminated by a coherent X-ray beam and the crystal dimensions are smaller than the coherence volume of the beam, the scattering from all parts of the sample can interfere to form a coherent X-ray diffraction (CXD) pattern. The phase of the scattered wave can be reconstructed from the CXD pattern intensity by numerical phase retrieval to form an image of the sample. Internal deformations of the sample crystal lattice are evident in the reconstructed complex amplitude as phase shifts. These arise from the asymmetric part of the diffraction pattern at each Bragg reflection; the symmetric part can be considered to come from the internal electron density of the crystal 4, 22, 23 . A schematic of the CDI experiment geometry in which the (200) reflection of a ZSM-5 microcrystal was measured in nitrogen is shown in Fig. 1a . Typically, CXD patterns are expected to show characteristic Airy ring patterns around the Bragg peak at the centre and a vertical streak attributed to its (200) facets 22 (see Supplementary Fig. S1 ). From the diffraction patterns as a function of temperature with different calcination conditions, we have observed a range of patterns between the two extremes shown in Fig. 1b ,c. Figure 1b shows a diffraction pattern indicating a relatively unstrained state of the crystal, whereas Fig. 1c exhibits a more distorted diffraction pattern: the shape at the centre of Bragg peak is triangular and the fringes are no longer along the crystal axes. The perpendicular section of the three-dimensional diffraction patterns at 90
• (in the bottom-right panels in Fig. 1b ,c for each case) do not show such distorted shape, implying that the distortions are mostly confined to the (020) plane of the crystal.
A phase retrieval algorithm was applied to the data to phase the measured diffraction patterns. We used error reduction and hybrid input-output methods 24 with the restricted phase (because the phases are not changed beyond that range) and with finite supports as the real-space constraints. Once phased, the three-dimensional data were inverted to real space by Fourier transformation and a coordinate transformation. Further details are given in the Supplementary Information. In Fig. 1d , a 37.5% isosurface of the resulting density of the three-dimensional image of a ZSM-5 crystal (Si/Al ∼ 130) in the triangular strained state is shown, and its shape is shown from several directions. The entire shape shows a close resemblance to the scanning electron microscope (SEM) image of a crystal with a more common (020) orientation from the same batch, shown in Fig. 1e .
The development of internal crystal strains, invisible to SEM, is the main focus of the present work. The inversion of the data to a complex density function also yields a real-space phase value for every point in space, which we illustrate as a colour scale ranging from blue (−1 rad) to red (+1 rad). The phase is interpreted quantitatively as a projection onto the momentum transfer Q-vector of the local displacement of the crystal from an ideal undistorted lattice 4 . A phase of π/2 corresponds to a shift (along Q) of one-quarter of (200) lattice spacing, or 0.25 nm. Figure 2 shows the phase maps of the crystals from the same batches intersecting through its centre as a function of temperature with different calcination conditions. The positive phase (red) indicates displacement along Q whereas the negative phase (blue) that in the opposite direction. In the crystals calcined at 450
• C for 3 h and 12 h, initially unstrained, they begin to strain at 100
• C and reach a maximum at 200
• C. The maximum strain component is seen with a total phase excursion of 1.8 radians, corresponding to a total displacement of about 29% of ZSM-5 (200) spacing, that is, 0.29 nm. This means that the spatial derivative of displacement along the entire size (∼2.0 µm) of the crystal is ∼10 −4 . In the image at 200
• C, the edges of the sample are compressed but the centre part is expanded along Q [200] . The deformation becomes smaller and more uniform with further increasing temperature. However, the crystals calcined at 550
• C (independent of time) do not show strong displacement evolution. Note that the development of the triangular strained state on heating was observed in almost all of the crystals independent of crystal size, aluminium concentration and the existence of copper atoms. Only the calcining temperature was found to affect this behaviour.
Even though calcining at 450
• C might leave a residue of the TPA inside the crystals, it is not clear how residual organic templates can give rise to the unusual and transient appearance of strained material inside the crystal. Therefore, we first measured the existence of the organic template residue by element analysis. The results in Supplementary Table S1 show that ZSM-5 crystals calcined at 550
• C do not contain any residual TPA whereas those calcined at 450
• C (independent of the calcination time) have minute amounts of nitrogen and carbon compounds. To find out where those residual organics are located, energy dispersive X-ray (EDX) spectroscopy and confocal fluorescence microscopy 25 were employed. In EDX measurements, the crystals calcined at 550
• C and 450
• C for 3 h were found to contain residual organic template material. The relative atomic compositions measured at several positions of an individual crystal in Supplementary Fig. S2 (a) calcined at 550
• C and Supplementary Fig. S2 (b) calcined at 450
• C are shown in Supplementary Tables S2 and S3 , respectively. Among the composition of the organic templates, nitrogen was below the detection limit, but the carbon concentration was higher in the crystal calcined at 450
• C. In that sample, the centre part shows a slightly higher concentration of carbon. As the level of the absolute amount of carbon is very low, the distribution fluctuated from sample to sample.
On the basis of the observation above, fluorescence from organic templates (not completely decomposed) within ZSM-5 was measured by confocal fluorescence microscopy 25 . The fluorescence from the crystal calcined at 450
• C is shown in Supplementary Fig.  S3 (a) (also in Fig. 4d ) in the range of 420-515 nm excited with a 405 nm laser. Owing to the very low concentration combined with the size of the crystal being close to the resolution limit, the fluorescence signal was very weak. of organic materials; that is, the centre part is higher than the outer part. From the sample calcined at 550
• C, however, no fluorescence was detected.
To determine the effect of organic templates on the thermal expansion behaviour of ZSM-5, we applied high-resolution X-ray powder diffraction (HRPD) to as-synthesized ZSM-5 to compare the thermal expansion of calcined ZSM-5 (550
• C for 12 h and 450
• C for 3 h; curve A and B in Fig. 3 , respectively) with assynthesized material (before calcining; curve C). The HRPD data are shown in Supplementary Fig. S4 . The variation of the lattice parameters of ZSM-5 along the a, b, c axes, and the unit-cell volume, are shown in Fig. 3a-d (in vacuum) , and Fig. 3e-h (in nitrogen  atmosphere) , respectively. Differences in lattice parameter ( d) are calculated with respect to the value of A at 25
• C for each condition. The overall behaviours of A and B are very similar, but C showed slope changes in thermal expansion. Along the a axis, curve A exhibits negative thermal expansion whereas curve C exhibits positive thermal expansion up to 300
• C (in vacuum) and 250
• C (in nitrogen) and negative thermal expansion thereafter. The lattice changes from curve B show a similar behaviour to the negative thermal expansion observed in A, but slightly positive thermal expansion is observed up to 150
• C. Along the b and c axes, thermal expansion behaviours for curve C do not show notable differences up to ∼350
• C in vacuum, whereas the slope changes from positive to negative at 250
• C in nitrogen. Note that in nitrogen the values from curves A and C approach the same values at 400
• C. This explains why triangular strain is released at 400
• C, shown in Fig. 2 . All of the information above allows us to model the strain pattern and resulting X-ray diffraction patterns using finite element analysis (FEA). The process is described in detail in the Supplementary Information. We assume an inhomogeneous distribution of residual organic TPA template material within the crystal allowing the shape and area of distribution of residues, that is, without giving any spatial constraints. The imaged phase ϕ(r) = Q ·u(r), where u(r) is the local displacement of the crystal from an ideal undistorted lattice at position r inside the sample, is sensitive to the a axis displacement only at the (200) reflection used, which is the direction with opposite sign in thermal expansion of ZSM-5 before and after calcination. The centre region, containing TPA, expands on heating, whereas the border regions contract.
The FEA results in Fig. 4a -c simulated for 200
• C use effective thermal expansion coefficients derived from Fig. 3 :
and α c = −7.945×10 −7 K −1 for the three principal axis directions of the sample after calcination at 550
• C in nitrogen, and α a = 7.246
−6 K −1 and α c = 3.390 × 10 −6 K −1 for those before calcination. The detailed thermal expansion coefficients are shown in Supplementary Table S4 . We modelled the crystal with its actual dimensions rigidly bonded to a silicon substrate. Further information can be obtained in the Supplementary Information. The simulation we found that worked was based on inhomogeneities of the expansion coefficients, best illustrated by the core-shell structure in Fig. 4a . The spatial distribution of organic templates shows a complete agreement with that obtained from the fluorescence mapping. It also agrees with the fact that the core has a positive coefficient whereas the shell has negative expansion. From the calculation with the intrinsic negative thermal expansion of ZSM-5 and positive thermal expansion of silicon, shown in Fig. 4b effects alone were unable to explain the observed structure. Owing to the positive expansion of the substrate, calculations with another combination of thermal expansion coefficients shown in Fig. 4c did not obtain the observed displacement pattern. Figure 4d is the same image shown in Supplementary Fig. S3(a) expanded by 1.6 times for comparison.
Other possible scenarios for explaining the unique triangular shape of strain patterns could be an inhomogeneous distribution of aluminium 26 . Evidence of variations of aluminium concentration between the rim and the centre of the crystals has been found in our samples by X-ray microfluorescence experiments (see Supplementary Fig. S5 ). This, together with the variation of the lattice parameter with aluminium content observed in ZSM-5 (ref. 21) , might give the core-shell structure and hence a similar strain pattern. However, it should not be dependent on the calcination conditions because changes in the 200-300
• C range are unlikely to be due to redistribution of aluminium atoms within the crystal. However, the strain could easily be explained by the organic template material, as in our model. In this study, we have observed an internal deformation distribution in ZSM-5 zeolite microcrystals bonded to silicon substrates. The fully calcined crystals remain relaxed with a relatively small displacement field within the crystal, as resolved along the (200) Q-vector in our CDI method. Although the distribution of residual organic impurities can be detected by other techniques, the strain field distribution inside the crystal due to such small traces was detectable only by CDI. Before they are fully calcined, the crystals adopt a transient triangular strained state, maximally developed at 200
• C, with a characteristic pattern of displacements, which can be attributed to a core-shell arrangement of strain with an inhomogeneous distribution of lattice parameters. The best model includes also the effects of differential expansion with respect to the substrate. This deformation propagates through the crystal to create a reversed pattern of displacements on the opposite side. The appearance of strain also depended on the starting state and temperature history in a way that is consistent with trapping of the organic TPA template material in the inner volume of the crystal. The macroscopic deformation seen in these small crystals affects adsorption and diffusion of molecules through the pores.
Methods
Sample preparation. ZSM-5 crystals were synthesized by hydrothermal reaction from gels consisting of tetraethyl orthosilicate (TEOS), sodium aluminate (NaAlO 2 ; 35% Na 2 FEA. The COMSOL MULTIPHYSICS package was used for FEA of the displacement along the different thermal expansion behaviours in a ZSM-5 crystal. The ZSM-5 was modelled to have a core-shell structure with different thermal expansion coefficients measured by high-resolution X-ray diffraction. To simplify the simulation, the rectangular parallelepiped with curved sides was used with the same dimensions measured by SEM, that is, 1.88 × 0.78 × 2.68 µm 3 along the a, b and c axes of ZSM-5, respectively.
